This study aimed to evaluate the efficiency of Burkholderia xenovorans LB400 cells and their cell extract to remediate 4-chlorobiphenyl (4-CB). The bacterium previously induced with 4-CB was able to degrade up to 98% of initial 50 mg L ¡1 of 4-CB from mineral medium within 96 h of incubation. The degradation of 4-CB occurred through the formation of meta-cleavage product 2-hydroxy-6-oxo-6phenylhexa-2,4-dienoic acid (HOPDA), as revealed through enzymatic assay of 2,3-dihydroxybiphenyl 1,2-dioxygenase (2,3-DHBD). A derivative of 1,2-benzenedicarboxylic acid was observed as one of the major intermediate metabolites of 4-CB degradation. Time course production of 2,3-DHBD during growth corresponds with the degradation pattern of 4-CB by the bacterium. In vitro degradation of 4-CB using cell extract of B. xenovorans showed complete degradation of initial 25 mg L ¡1 of 4-CB within 6 h of incubation. To the best of the authors' knowledge, this is the first report in which in vitro degradation of 4-CB using cell extract of Burkholderia xenovorans is presented.
Introduction
Chlorinated biphenyls (CBs) and their congeners are synthetic organic compounds used extensively in electronic goods as fire retardants, lubricants, and coolants (Heacock et al. 2016; Goel, Upadhyay, and Chakraborty 2016) . Their usage particularly as an additive in transformer oil, dielectrics in capacitors, and hydraulic fluids in hydraulic equipment is noteworthy (Borja et al. 2005) . High thermal stability, nonflammability, and high electrical resistivity are some of the properties associated with these polychlorinated biphenyls (PCBs) that altogether make them valuable for the aforementioned applications (Choi et al. 2009; Tehrani et al. 2012; Goel, Upadhyay, and Chakraborty 2016) .
However, the negative side of this extensive application especially over the past few decades is now visible in the form of severe and ubiquitous contamination of the environment with PCBs. High levels of PCBs in the range of 6.2-108,460.6 mg kg ¡1 (Perez-Maldonado et al. 2014 ) and 0.80-60 ng g ¡1 (Mahmood et al. 2014 ) have been detected in soil and sediment samples, respectively. As PCBs are known to have high environmental persistence, stability, and toxic properties linked to them, their widespread distribution in the environment raises concern. Owing to the hydrobhobic nature of PCBs, it can be easily adsorbed to soil organic matter and sediments; thus, their prevalence increases in these environmental matrices over the years (Mahmood et al. 2014) . A lipophilic property also makes PCBs present in higher trophic levels, including humans through food chains (Pieper and Seeger 2008) . To humans and animals, they are potential carcinogens and also have been implicated to cause alterations in normal immune, nervous, and reproductive functions (Pieper 2005; Adebusoye et al. 2008; Mahmood et al. 2014) .
Hence, because of concern over the overall impact of PCBs on the environment, the Chemical Treaty on Persistent Organic Pollutants (POPs) listed PCBs as one of the priority pollutants for eventual eradication by 2025 (Borja et al. 2005) . Recently, India also joined the list of countries that totally banned the use and manufacture of PCBs. However, in many countries, the production and usage of PCBs is still practiced (Mahmood et al. 2014; Goel, Upadhyay, and Chakraborty 2016) .
Different physicochemical treatment options such as chemical dechlorination, solvent extraction, supercritical water oxidation, and ozonation are available for remediation of PCBs (Borja et al. 2005) . However, compared with physicochemical methods, bioremediation is largely preferred for PCBs decontamination owing to its sustainable nature. Bioremediation indicates the natural tendency of microorganisms to remediate pollutants from the environment. Although PCBs are known to be one of the recalcitrant pollutants, few microorganisms have the ability to transform them to nontoxic or less toxic forms using a series of enzymatic pathways.
Generally, microbial degradation of PCBs occurs either by aerobic oxidation involving ring cleavage or through anaerobic reductive dechlorination in which nonchlorinated or less chlorinated PCBs congeners are produced for further aerobic metabolism. In aerobic condition, organisms grow faster with high degradation rates. Thus, sequential anaerobic process followed by aerobic degradation seems to be more feasible for complete mineralization of PCBs. Various reports on the use of microorganisms for remediation of PCBs are documented in the literature (Kim and Picardal 2000; Ilori, Robinson, and Adebusoye 2008; Plotnikova et al. 2012; Somaraja, Gayathri, and Ramaiah 2013; Manickam et al. 2014; Nam et al. 2014; Jayanna and Gayathri 2015) . For instance, Plotnikova et al. (2012) have used Rhodococcus ruber P25 for degradation of initial 94.25 mg L ¡1 4-chlorobiphenyl. Similarly, Stenotrophomonas maltophilia GS-103 was evaluated by Somaraja, Gayathri, and Ramaiah (2013) for degradation of 50 mg L ¡1 2-chlorobiphenyl.
However, most of these reports are solely based on usage of microorganisms and identification of key enzymes involved in transformation or degradation. In the present paper, Burkholderia xenovorans LB400 has been assessed for remediation of 4-chlorobiphenyl (4-CB) from mineral medium. Studies on identification of key intermediate metabolites and enzymes involved in 4-CB transformation along with in vitro degradation of 4-CB using cell extract are also presented. To the best of our knowledge, this is the first study in which in vitro degradation of chlorinated biphenyls using cell extract of B. xenovorans is demonstrated.
Materials and methods

Materials
Technical-grade 4-chlorobiphenyl (4-CB) and 2, 3-dihydroxybiphenyl (2,3-DHB) were supplied by Sigma-Aldrich Chemical (St. Louis, MO, USA). The medium components were obtained from Hi-Media (Mumbai, India). Acetone and Hexane were procured from E-Merck (Mumbai, India). All chemical and reagents used were of analytical grade.
Preparation of 4-chlorobiphenyl stock solution
Stock solution of 4-CB (10,000 mg L ¡1 ) was prepared by dissolving 50 mg 4-CB in 5.0 ml high-performance liquid chromatography (HPLC)-grade acetone and stored in amber glass vial at 4 C.
4-CB degradation using Burkholderia xenovorans
Mother culture and inoculum preparation Mother culture was prepared by aseptically inoculating a stock culture of B. xenovorans into sterile nutrient broth (pH 7.0) containing (g L ¡1 ) peptone 5.0; beef extract 5.0; NaCl 5.0; and 4-CB 0.05, followed by overnight incubation at 30 C and 120 rpm. Ten millilitres of mother culture (A 600nm » 0.8) was centrifuged, and cell pellet was first washed with 0.05 M sodium phosphate buffer (pH 7.5) and finally suspended in 2.0 ml of the same buffer. Then the obtained suspension was used as inoculum for degradation of 4-CB (Bhattacharya et al. 2015) .
Medium and culture conditions for growth and degradation of 4-chlorobiphenyl Sterile mineral salt medium (MSM; pH 7.0) containing (g L ¡1 ) NaCl 0.5; NH 4 SO 4 1.0; K 2 HPO 4 1.5; KH 2 PO 4 0.5, MgSO 4 ¢7H 2 O 0.2; and yeast extract 3.0 and supplemented with initial 50 mg L ¡1 of 4-CB was seeded with the above prepared inoculum of acclimatized cells. The inoculated medium (30 ml) contained in 150-ml Erlenmeyer flasks were incubated at 30 C and 120 rpm for 144 h. The entire content of the flasks was harvested periodically during incubation for estimation of residual 4-CB and for identification of intermediate metabolites. Aliquots (1.0 ml) of samples were also withdrawn periodically (0, 24, 48, 72, 96 , and 144 h) under aseptic conditions from another set of inoculated flasks for determination of growth (A 600nm ). A control set up without any microbial inoculation was also run in parallel with test samples to monitor the role of abiotic factors in 4-CB removal.
Extraction and quantification of 4-CB using gas chromatography B. xenovorans cells were grown in MSM containing 50 mg L ¡1 4-CB as mentioned above. The entire culture sample (30 ml) was harvested and collected in 100-ml separating flask, followed by addition of 10.0 ml n-hexane. The resultant mixture was vigorously mixed and allowed to separate into two distinct layers. The upper organic phase was collected in a glass vial. The extraction process was repeated thrice; organic fractions were pooled and evaporated to complete dryness. The dried extract was dissolved in 1.0 ml of acetone, and 1.0 ml of resultant sample was injected into gas chromatograpy-mass spectrometry (GC-MS) apparatus for estimation of residual 4-CB and identification of metabolites. GC-MS analyses were performed in Agilent 6890N gas chromatograph, equipped with 5973 MSD (Agilent Technologies, Santa Clara, CA, USA). The sample was operated in split mode. The column temperature was initially maintained at 80 C for 1.0 min, then increased to 220 C for 8 min at the rate of 8 C min ¡1 , followed by final increase to 280 C for 2.5 min at the rate of 15 C min
¡1
. The carrier gas (helium) flow rate in column was 1.0 ml min
. Inbuilt NIST (National Institute of Standards and Technology) standard mass spectral library was used for identification of metabolites (Bhattacharya et al. 2015) .
2,3-Dihydroxybiphenyl 1,2-dioxygenase (2,3-DHBD) activity
Preparation of cell extract In order to determine the 2,3-DHBD activity, B. xenovorans cells were first grown in MSM containing initial 50 mg L ¡1 4-CB as mentioned above. Cells were harvested after 8 days of incubation using centrifugation at 15294 £ g for 10 min. The cell pellet was washed with 0.05 M phosphate buffer (pH 7.5) and suspended in the same buffer, followed by vortexing. The resultant cell suspension was then lysed under cold conditions using sonication (Bhattacharya et al. 2015) . The lysed cell suspension was again centrifuged at 15294 £ g for 10 min at 4 C. Then, the obtained supernatant (cell extract) was used as crude enzyme preparation for estimation of 2,3-DHBD activity.
Enzyme assay Enzyme activity in the above prepared cell extract was estimated using 2,3-dihydroxybiphenyl as substrate. Enzyme preparation (200 ml) and NADH (50 ml of 20 mM solution) was added to 200 ml substrate (5.0 mM in acetone), and the final volume was made up to 1000 ml using 0.1 M phosphate buffer (pH 7.5). The resultant mixture was incubated at 30 C. The absorbance (A 434nm ) of the biphenyl meta-cleavage product (2-hydroxy-6-oxo-6phenylhexa-2,4-dienoic acid, HOPDA) was recorded using spectrophotometer (Wang et al. 2015) . Molar absorption coefficient of 13200 M ¡1 cm ¡1 (e 434nm ) was used to calculate enzyme activity (Wang et al. 2015) . One unit of enzyme activity is defined as the amount of enzyme required to produce 1.0 mmole of the product per minute under assay conditions. Control reactions in the forms of heat-inactivated enzyme solution and reaction mixture without substrate were also performed for the assay.
Time course of 2,3-DHBD activity during growth of B. xenovorans B. xenovorans was grown in MSM laden with initial 50 mg L ¡1 of 4-CB as described earlier. During growth, samples were withdrawn periodically and processed to obtain enzymatic extract as detailed in the preceding section. Afterwards, 2,3-DHBD activity in all the processed samples was determined by recording the absorbance at 434 nm as explained previously.
In vitro degradation of 4-CB using cell extract
Cell extract was prepared as described earlier. Removal of 4-CB using cell extract of B. xenovorans was assayed in 10-ml glass vials containing 5.0 ml of reaction mixture (0.05 M sodium phosphate buffer, pH 7.5, 3.8 ml; enzyme preparation: 1.0 ml; 4-CB: 25 mg L
¡1
). The reaction mixture was incubated at 120 rpm at 30 C for 12 h. Samples were withdrawn periodically during incubation and processed on GC-MS as mentioned previously for determining residual 4-CB. Control assay (without enzyme) was also performed and treated as above.
Results and discussion
Extreme recalcitrance and toxicity are major restrictive factors in the use of microorganisms for degradation of 4-CB. Thus, in natural systems also, the degradation rate of 4-CB is considerably slow because of the inability of soil and aquatic biota to mineralize it (Federici et al. 2012 ). However, there are some microorganisms that are able to metabolize these toxic compounds efficiently through their versatile metabolic systems. The present study was undertaken to explore the potential of one such bacterium Burkholderia xenovorans and its cell hydolysate for degradation of 4-CB from aqueous contaminated systems.
Degradation of 4-CB
When the bacterium was inoculated in MSM containing initial 50 mg L ¡1 (0.26 mM) of 4-CB, it grew significantly and removed the 4-CB from the medium. After 24 h, 56% removal of 4-CB was observed, which further increased to 71%, 94%, and 98% after 48, 72, and 96 h, respectively. The growth of the bacterium was also well synchronized with the degradation of 4-CB. With time, the growth and degradation were found to increase (Figure 1 Figure 2 shows typical GC chromatograms of 0, 24, and 96 h samples. Although Burkolderia xenovorans was reported to degrade a wide range of PCB congeners, its efficiency towards degradation of monochlorinated biphenyls is poorly reported. In the present study, 4-CB-induced Burkolderia xenovorans cells were used to degrade 0.26 mM (50 mg L
¡1
) of 4-CB and 98% removal was observed within 96 h of incubation. Achromobacter xylosoxidans strain IR08 reported by Ilori, Robinson, and Adebusoye (2008) was also observed to completely remove 0.27 mM of initial 4-CB within 96 h of incubation. Similarly, the bacterial isolate SK-3 reported by Kim and Picardal (2000) was able to degrade 100% of initial 0.48 mM of 4-CB within 85 h of incubation. Adebusoye et al. (2008) studied the 4-CB degradation potential of different bacterial strains (SA-2, 3, 4, 5, and 6) isolated from contaminated soil and found 88-98% removal of initial 0.66 mM of 4-CB by different isolates within 9-10 h. Chae et al. (2000) and Chang et al. (2013) too have demonstrated almost complete removal of initial 0.5 mM 4-CB using Aquamicrobium sp. SK-2 and Pseudomonas sp. DJ-12, respectively. Recently, Hu et al. (2015) reported complete degradation of initial 5.57 and 6.41 mg L ¡1 of 2-CB and 3-CB, respectively, within 72 h by using Sphingobium fuliginis HC3.
Intermediate metabolites of 4-CB degradation
During degradation of 4-CB in the present study, using GC-MS, formation of 1,2-benzenedicarboxylic acid derivative was prominently detected during 96 h of incubation, with molecular ion (M) at m/z 167 and characteristic fragmentation ions at m/z 149, 105, and 65 ( Figure 3a) . A derivative, 4-hydroxybenzeneacetic acid, was also detected (at m/z values 182, 123, 95, and In vitro degradation of 4-CB using Burkholderia xenovorans cell extract. One milliliter of cell hydrolysate was added to reaction mixture containing initial 25 mg L ¡1 of 4-CB; this was followed by incubation of mixture at 120 rpm at 30 C for 12 h. Samples were withdrawn periodically and analyzed for residual 4-CB as describe in the text. Control (without enzyme) was also run simultaneously with test sample. 65) (Figure 3b) . Similar intermediates were also observed by Jayanna and Gayathri (2015) during degradation of 2,4-dichlorobiphenyl using binary culture of two Pseudomonas species. Formation of the yellowcolored meta-cleavage product 2-hydroxy-6-oxo-6 phenylhexa-2,4-dienoic acid (HOPDA) was also observed in the present study, as revealed through enzymatic assay of 2,3-DHBD. Figure 3c shows the formation of yellow meta-cleavage product (HOPDA) in the reaction mixture containing 2,3-dihydroxybiphenyl and enzyme extract. The significant 2,3-DHBD activity of 1.64 mmol min ¡1 mg ¡1 protein evidently showed the involvement of this enzyme in degradation of 4-CB. Control reactions in the forms of heat-inactivated enzyme solution and reaction mixture without substrate showed no enzyme activity.
Growth associated 2,3-DHBD activity 2,3-DHBD activity were detected. High enzymatic activity during the initial log phase of growth corresponds with high degradation rate (1.154 mg L ¡1 h ¡1 ) of 4-CB at this phase (24 h; Figure 1 ). The activity decreased with the onset of a stationary phase, and at this phase the residual 4-CB was also found to be small. This shows that the initial high activity of 2,3-DHBD is a prerequisite for rapid metabolism of 4-CB from the contaminated matrix. Similar decrease in initial ring cleavage enzyme activity with complete degradation of contaminant has been reported by various researchers (Aoki et al. 1990; Silva et al. 2013 ).
In vitro degradation of 4-CB using cell extract
In order to ascertain the role of enzyme systems in the degradation of 4-CB, cell extract was used for degradation of 4-CB. Cell extract exhibited complete removal of initial 25 mg L ¡1 4-CB after 6 h of incubation with a rate of 4.166 mg L ¡1 h ¡1 ( Figure 5 ). This proved that relevant enzymes are present in the extract and can degrade 4-CB in vitro. At preceding 2 h, 60% removal of 4-CB was recorded with a rate of 7.50 mg L ¡1 h ¡1 . On the other hand, the control set showed only 4.0% removal of the same concentration of 4-CB during 6 h. The enzyme 2,3-DHBD could be responsible for metabolizing 4-CB (Pieper and Seeger 2008; Somaraja, Gayathri, and Ramaiah 2013) . Formation of intermediate metabolite 1,2-benzenedicarboxylic acid derivative was detected similar to that observed while using whole cell system in the present study (Data not shown). We had confirmed 1.64 IU 2,3-DHBD activity per mg protein as discussed in the section "Intermediate metabolites of 4-CB degradation." Similar in vitro degradation of diclofenac and polycyclic aromatic hydrocarbons (PAHs) using cell-free enzymatic formulation has been reported by Zhang and Geiben, (2010) and Baborova et al. (2006) . However, to the best of our knowledge, there is no such report in which crude cell extract has been used for degradation of chlorinated biphenyls.
Conclusion
The major outcomes of the study are (1) Burkholderia xenovorans LB400 was able to efficiently remove 4-CB from the medium; (2) degradation of 4-CB proceeds through the formation of meta-cleavage product HOPDA; and (3) in vitro removal of 4-CB using cell extract of B. xenovorans was also observed. In order to further improve the 4-CB degradation process, the strain can be used in combination with other efficient 4-CB-degrading strains as a consortium. Further work on application of the bacterium in remediation of chlorinated biphenyls from the real-world contaminated environment is underway in order to ascertain its relevance in pollution control.
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